Introduction
The kidney is an essential organ that evolved as protovertebrates migrated into fresh water to keep their internal environment of high osmolarity from surrounding freshwater. In mammals, a permanent kidney originates from metanephric mesenchyme and starts to develop by invasion of the ureteric bud. Reciprocal induction between the epithelial cells of ureteric bud and undifferentiated mesenchymal cells promotes nephrogenesis. Various growth factors (1) (2) (3) (4) (5) seem to work at different stages of this process. When comma-shaped bodies are formed, they are accompanied by capillaries (6) for further glomerulogenesis. Thus, the glomerulus is generated by the harmonized development of the Bowman's capsule, a part of the nephron, with a capillary. Only a limited number of studies (7, 8) have been reported on this glomerulogenesis at the molecular level and the major signal that induces this glomerular development has not yet been clarified.
Vascular endothelial growth factor (VEGF) 1 is an angiogenic cytokine that is important in developmental blood vessel formation (9) (10) (11) (12) as well as tumor angiogenesis (13) . Typically, VEGF is secreted from epithelial cells and binds to its receptor tyrosine kinases on endothelial cells flt-1 and flk-1, stimulating blood vessel growth. As VEGF-or its receptor-deficient mice die at early embryonic stages (9) (10) (11) (12) due to impaired vessel formation, the role of VEGF in organogenesis cannot be addressed in these knockout mice.
In kidneys of embryonic to adult humans (14, 15) and mice (16, 17) , the message of VEGF is detected in epithelial cells of glomeruli, while the message of VEGF receptors is expressed in endothelial cells of glomerular and peritubular capillaries. The VEGF message is also observed in proximal and distal convoluted tubules of the adult rat (18) . Thus, VEGF seems to play an important role for development and maintenance of glomerular integrity; however, no functional studies have been done to prove this hypothesis to date.
To clarify the role of VEGF in kidney development, in vitro secretion of VEGF from kidneys at different developmental stages was first examined in this study, and then the effect of antibody that blocks endogenous VEGF activity on kidney development in vivo was studied.
Methods
Organ culture. 14 kidneys were harvested from seven embryos or newborns on 12, 13, 14, and 15 days post coitum (d.p.c.) and 0 days after birth and cultured over a membrane filter that was submerged in 1 ml of serum-free medium (19) at 37 Њ C in air containing 5% CO 2 in a high humidity incubator. After a 2-d incubation, medium was collected and stored at Ϫ 30 Њ C until measurement of VEGF. Fluorescent enzyme-immunoassay (Toagosei, Tsukuba, Japan) (20) was used to quantify the amount of VEGF. Data were calibrated as mouse VEGF 164 , divided by wet weight of a kidney, and expressed as an average of three experiments.
Administering anti-VEGF neutralizing antibody to mice. Neutralizing antibody to recombinant human VEGF 165 was given from Genentec Inc. (South San Francisco, CA) as antiserum. 1 ml of the serum should neutralize 5 g of VEGF 165 in human umbilical vein endothelial cell proliferation assay (data not shown). The antiserum was administered to three male mice weighing 1.5 g on average, intraperitoneally on 0, 2, 4, and 5 d after birth with 100 l per dose. Normal rabbit serum was administered to three littermates as a control. Mice were killed on the day after the last injection of the antibody. Harvested kidneys were examined with light microscopy and electronmi-croscopy, and also studied with immunohistochemistry using various antibodies. Other organs including heart, lung, spleen, liver, and brain were also observed with light microscopy.
Routine histology and immunohistochemistry. For light microscopy, kidneys were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, for 7 d and embedded in paraffin, or were rapidly frozen in liquid nitrogen. 4-m paraffin sections were stained with hematoxylin and eosin. Immunohistochemistry was performed (21) on 8-m paraffin sections or 8-m frozen sections. Paraffin sections were dewaxed, treated for 20 min with 1% H 2 O 2 /methanol, and then incubated overnight with a goat polyclonal antibody against human VEGF 165 (1:300; R&D Systems, Inc., Minneapolis, MN) and processed further by avidin-biotin-complex peroxidase method (Vector Laboratories, Inc., Burlingame, CA). To detect localization of the administered antibody, frozen sections were fixed in acetone for 10 min, and then incubated for 2 h with a peroxidase-conjugated goat polyclonal antibody against rabbit IgG (1:100; Organon Teknika-Cappel, Durham, NC). Immunoreactivity was visualized with peroxidase reaction in 3,3 Ј -diaminobenzidine tetrahydrochloride (DAB) and H 2 O 2 solution. To detect precise localization of the administered antibody, double immunostaining was performed, where type IV collagen was stained to outline the framework of the vasculature. Frozen sections were first incubated for 2 h with a peroxidase-conjugated goat polyclonal antibody against rabbit IgG (1:100; Organon Teknika-Cappel) and peroxidase reaction was performed in DAB and H 2 O 2 solution with 1% NiSO 4 and 1% CoCl 2 to give a black color. Next, sections were incubated overnight with a rabbit polyclonal antibody against mouse type IV collagen (1:1,200; LSLaboserv, Giessen, Germany). A peroxidase-conjugated goat polyclonal antibody against rabbit IgG was used as a second antibody. Peroxidase reaction was performed in DAB and H 2 O 2 solution to give a brown color. Slides were lightly counterstained with hematoxylin.
Quantitative analysis of morphological changes. Histological observation was carried out by two authors independently and the average values were used. Data were given by observation of nine sections from three control and nine sections from three antibody-treated mice, respectively, that were prepared by cutting kidneys along their longitudinal axes to show maximal cutting areas. Electronmicroscopy. Small tissue slices of fresh kidneys were fixed in a half Karnovsky's fixative containing 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, and then embedded in epoxy resin. Sections of 40-and 90-nm thick were cut on an ultramicrotome, double stained with uranyl acetate and lead citrate, and observed with a transmission electronmicroscopy (JEM-100CX; JEOL Ltd., Akishima, Tokyo).
Results
VEGF secretion from cultured kidneys. Cultured kidneys of 12, 13, 14, and 15 d.p.c. and 0 d after birth released 5.6, 4.2, 3.0, 3.0, and 1.2 ng of VEGF, respectively, per 1 mg of tissue during a 2-d culture period ( Fig. 1 A ) . Secretion of VEGF tends to de-cline as kidney development proceeds and the amount of VEGF released by kidneys of the newborn mice is less than half that of the others. Morphological studies are shown in Fig.  1 , B-D . At 12 d.p.c., undifferentiated mesenchymal cells, the ureteric bud, and capillaries are observed in metanephros ( Fig.  1 B ) . At 15 d.p.c., the metanephros mostly consists of developing nephrons and glomeruli ( Fig. 1 C ) . At birth, developing nephrons, including comma-and S-shaped bodies, are observed only in the extreme cortex; i.e., nephrogenic area ( Fig. 1  D ) . Well developed glomeruli are seen in juxtamedullary cortex.
Blocking of endogenous VEGF activity. Antibody-treated mice were edematous on the fifth day after birth ( Fig. 2 A, b ) , although there was no significant difference in body weight between control and antibody-treated mice (which averaged 5.36 and 5.53 g, respectively). There were no clear signs of cardiac failure, including pulmonary congestion or ventricular dilatation. In control mice, developing nephrons and developing glomeruli were observed in the superficial cortex and well developed glomeruli were observed in the juxtamedullary cortex (Fig. 2 B ) . On the contrary, in the antibody-treated mice, nephrogenic area was diminished and the number of glomeruli decreased. The number of comma-plus S-shaped bodies per section was 4.6 Ϯ 3.4 in control and 0.3 Ϯ 0.5 in antibody-treated mice. The total number of matured glomeruli per section was 118 Ϯ 25 in control and 83 Ϯ 9 in antibody-treated mice. A number of abnormal glomeruli with poor cellularity and increased extracellular matrices were observed in the antibody-treated mice (Fig. 2 C ) and, remarkably, several glomeruli lacked capillary tufts (Fig. 2 E ) . Glomeruli without capillary tufts occupied 3.9 Ϯ 2.2% of the total matured glomeruli in control and 29.0 Ϯ 7.4% of the total in antibody-treated mice. On the other hand, no significant changes were observed in nonglomerular vasculatures of the antibody-treated mice as compared with the controls. Glomeruli accompanied by arteriole in section occupied 35 Ϯ 13% and 42 Ϯ 7% of the matured glomeruli in control and antibody-treated mice, respectively. Several small blood vessels that otherwise should have been directed to developing glomeruli were congested in the superficial cortex, including the nephrogenic area in the antibody-treated mice. No morphological changes were observed in the heart, lung, brain, liver, or spleen using hematoxylin and eosin staining (data not shown).
Glomerular microstructure. With an electronmicroscope, developing glomeruli with dual basement membranes (22) were observed in the antibody-treated mice ( Fig. 3 A ) . Immature capillaries with narrow slitlike lumen were also observed in the glomeruli of antibody-treated mice (Fig. 3 B ) . These capillary structures were hardly seen in the glomeruli of control mice. An amorphous substance surrounded by podocytes ( Fig. 3 C ) was found only in the glomeruli of antibody-treated mice. This may correspond to the abnormal glomerular structure without capillary tuft as shown by light microscopy (Fig. 2 E ) .
VEGF expression. According to immunohistochemical studies using antihuman VEGF antibody, VEGF was detected only in distal tubules in the controls (Fig. 4 A ) . In contrast, VEGF was clearly detected in Bowman's capsules and proximal tubules as well as distal tubules in the antibody-treated mice (Fig. 4, B and C ) . Interestingly, VEGF was observed both in parietal epithelial cells of the Bowman's capsule of a developing glomerulus that was waiting for its capillary formation and in visceral epithelial cells of the Bowman's capsule of a more developed glomerulus (Fig. 4 C ) .
Localization of the administered antibody. Administered anti-VEGF antibody localized specifically at glomeruli (Fig.  4 E ) . Double immunostaining of rabbit IgG and type IV collagen clarified that the antibody specifically localized on the glomerular endothelial cells (Fig. 4 G ) . However, the administered antibody was not detected in the other renal blood vessels ( Fig. 4 E ) .
Discussion
Development of the vascular system plays a central role in a number of physiological and pathological processes, including organogenesis, wound healing, and tumor growth. VEGF is an angiogenic cytokine without which the embryo dies at an early stage because no vascular system develops (9, 10) . Thus, VEGF is regarded as essential in developmental vessel formation. However, its role in organogenesis is still unknown and is only suggested indirectly from the expression pattern of VEGF and its receptors (16) . The role of VEGF in the organogenesis of the kidney, which is a vascular-rich organ and starts to develop at a later embryonic stage, was studied directly by blocking endogenous VEGF activity in vivo.
The metanephros, origin of the permanent kidney, appears around 11 d.p.c. in the mouse and its development continues until 2 wk after birth. The capacity for isolated kidneys to secrete VEGF in vitro seems to correlate well with their potency to develop in vivo ( Fig. 1 A) . To test a hypothesis that VEGF is a critical molecule for kidney development in mice, endogenous VEGF activity was blocked by rabbit polyclonal antibody to human VEGF 165 . Development of the kidney was impaired in glomerulogenesis as well as nephrogenesis by the antibody administration as shown in Fig. 2 . Glomerular development was retarded characteristically through impaired capillary network formation. Congested blood vessels in superficial cortex are also results of retarded and/or disoriented formation of the capillaries that otherwise should have been directed to glomeruli ( Fig. 2 C) . Diminished nephrogenesis observed in antibodytreated kidneys (Fig. 2 C) may be an indirect effect resulting from disturbed blood vessel formation in the nephrogenic area. As expression of VEGF receptors has not been reported in immature mesenchymal cells or ureteric bud epithelial cells (14, 15) , direct effect of VEGF on those cells seems to be less probable. These changes in the kidney likely resulted in the impaired water handling and edema observed in the antibodytreated mice ( Fig. 2 A, b) . Judging from these serious morphological changes caused by blocking endogenous VEGF activity, VEGF should be a critical molecule mediating kidney development, especially glomerulogenesis. A significant number of endogenous VEGF molecules should have been captured by the administered antibody and inactivated. On the other hand, the rest of the VEGF should have escaped from this trapping and reacted with its receptors, which are reported to be highly expressed in the glomerular endothelial cells of developing kidneys (14, 15) , and stimulated the cells. The receptor-bound VEGF should have reacted with the administered anti-VEGF antibody, which was shown immunohistochemically to localize on the glomerular endothelial cells (Fig. 4, E and G) . However, stimulation of the endothelial cells by VEGF that escaped from the trapping was not enough to perform normal glomerular development, and VEGF expression in Bowman's capsule greatly increased from an undetectable to a clearly visible level with immunohistochemistry as shown in Fig. 4 , A-C. The upregulation of VEGF seems to be a compensatory response of epithelial cells to reconstruct a glomerulus and is triggered by the hypoxic milieu surrounding the cells (23), resulting from poor vascularity in the glomerulus. This strongly supports a hypothesis that Bowman's capsule synthesizes and secretes VEGF to stimulate capillary endothelial cells to develop a glomerulus. In tubules, upregulation of VEGF is probably initiated also by the hypoxic signal resulting from poor peritubular vascularity, which is downstream of the glomerular capillary. In distal tubules, VEGF expression may be necessary to maintain the fenestration of capillary endothelial cells (16) .
The expected upregulation of the receptors, together with the great compensatory increase of VEGF observed in this study, suggests that VEGF requirement for glomerular development is much stricter than for other vessels. In a developing glomerulus, endothelial cells must proliferate quickly to form a very dense capillary network in limited time, which may be equivalent to the explosive development of the vascular system at early embryonic stage, where the VEGF requirement has been shown to be very strict (9, 10) . Thus, among the many vessels, the glomerular capillary was specifically affected by the antibody. Alternatively, another angiogenic factor might be involved in the formation of the other blood vessels that were not affected by the antibody.
In conclusion, VEGF has been clarified to mediate the organogenesis of the kidney, especially glomerulogenesis, as a communication molecule between Bowman's capsule and capillary endothelial cells in paracrine fashion. This glomerulogenesis is unique in its strict requirement of VEGF. Moreover, this study may lead to a new approach to regenerating a glomerulus, which is important for the study of organogenesis of the kidney as well as for the therapy of renal diseases.
